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A Wrd About the NSRP:

The National Shipbuilding Research Program (NSRP) has
been engaged in research related to inprovenents in ship-
building in the US. since 1973. The programis a coop-

erative effort involving conrnercial and U S Naval ship-
yards and related agencies, industries and educationa
I nstitutions.

Since the inception of the NATIONAL SH PBU LD NG
RESEARCH PROGRAM in 1973, R&D projects have nade significant
contributions to shipbuilding in the areas of facilities,
environnental effects, outfitting, production aids, design
and production integration, welding, industrial engineering,
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University of Mchigan, Transportation Research Institute,
Ann Arbor, M chigsan

The program is financialléasupported by the Maritine
M nistration of the US. Departnent of Transportation and
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FOREWORD

Significant cost and wei ght savings in shipbuilding have
resulted fromintroduction of nore wel dable steels, such as
HSLA 80 and HSLA 100 pl ates and beans, in the decade of the
‘80's. This has given notice to the fact that inprovements
i n shipbuilding productivity and cost savings nmay be found in
better materials as well as in faster welding processes and
aut omat i on.

The SP 7 panel of the National Shipbuilding Research
Program recogni zed several years ago that a corollary
i mprovenent in weldability O high yield strength steel
castings would provide technical " or” econom ¢ advantages not
avail able fromcurrent state of the art steel castings.
For example, if the toughness and yield strength of HY 80
could be retained in a steel casting alloy which forgives the
need to preheat prior to installation or repan welding, then
both technical and econom c advantages woul d accrue.

In this project to deveIoB a nore wel dabl e repl acement for
Hy 80, ESCO Corporation, Portland, Oregon teamed with O egon
G aduate Center, Beaverton, Oregon to cast and to test

the alloy variations which their conbined know edge and
experience indicated are likely paths to the objectives.

Robin Churchill and his associates at ESCO Corporation

devel oped the initial approach to the task which included as
a first premse the possibility of inproving weldability in a
Ni Cr Mo system by reducing carbon content. They drew from many
years of experience with HY 80 and many other alloy systens
and were able to go, with a mnimal nunber of iterations of
chemstry, to four “optimzed” nelts which nmet the initial

obj ectives of the project. Churchill and his associates at
ESCO produced the experinmental melts. Dr.Jack Devletian and
his associates at Oregon G aduate center provided

metal lurgical, and nechanical testing support throughout the
project as well as subcontract adm nistrative support. Most
of the welding and nechanical testing was perfornmed at OGC.
The project report was the joint effort of Robin Churchill
Jack Devletian and Daya Singh



The initial group of five trial nelts were variations of

Hy 80, HY 130 and HSLA 80 chem stry with enphasis on |ow
carbon and careful control of nickel and other constituents.
Test results were used to guide selection of chemstry and
thermal treatnent for another group of four optimzed

conbi nations of chemstry and heat treatnent. Castings wth
chem stry simlar to HSLA 80 did not exhibit sufficient |ow
tenperature toughness to warrant further consideration as a
candi date casting all oy.

The four optimzed nmelts produced two which net all of the
mechani cal proFerty requi rements of M|-S-23008 for HY 80
castings as well as the weldability tests. Apparently the
reduction of carbon to about 0.045% and some | ncrease of

ni ckel allowed good hardness levels in heat affected zones
while preventing HAZ enbrittlement. Using M| 100-S1 wre,
the weld metal in all four optimzed castings passed the Gas
Metal Arc (GVA) wel ded Controlled Thermal Severity (CTS) test
for underbead cracking. M| 100-Sl1 is the wire in general use
in US shipyards for HY 80 GWA meldlng. In the nore severe
Tekken retraint test, two sanples welded with no preheat
u5|nﬁ the flux core process showed cracks which were linmted
to the weld netal. The flux core filler netal used was TM
101. Two al | oys showed no adverse effects of elimnation of
preheat in any of the restraint tests. On the other hand,
the HY 80 reference casting exhibited typical underbead
cracki ng when wel ded with no preheat, regardless of the weld
process used.

The new casting alloys produced in this project appear not
onl§ to be capable of neeting mechanical requirenents of

HY 80 but also to be weldable without preheat. The
incremental increase in alloy cost resulting fromthe
enriched chem stry (over 5% nickel) and a possible need for
double tenpering is expected to be offset by savings
resulting from lower repair costs in production and the
reduction or elimnation of preheat costs in shipbuilding.

This project was financially limted to produpin?_and
screening the experinental casting alloys. This ITimted scope
could not provide for the nuch nore extensive weldability
_(and_otherg testing required to qualify a new alloy for use
in ship production however, the positive outcone of this
sequence of alloy devel opnent and testing justifies taking
anot her step toward the objective.

The SP 7 panel considers it appropriate to request support

for follow up work in which |arger heats will be nelted to

eval uate producibility on a larger scale and to provide for
more extensive testing of foundry producibility, thermal



effects, nechanical property tests, re-heat cracking
susceptibility and no-preheat weldability. |t js ect ed
that some of the new SMAW and hare wire filler neta?}? now
under devel opment for HSLA 80, HSLA 100 and HY 130 in other
SP 7 and U. S hbvy projects will be available for

the no-preheat weldability testing of the castings to be
produced in the follow up SP 7 project. Results of these
projects may conbine to produce interactive and conpl enentary
results. pl osion bulge tests will probably be perforned on
cast plates.

A significant contribution to the devel opnment of a new, nore
wel dabl e hlﬂh yield strength casting for narine applications
has been achieved by this project at a nodest cost. That
achievement is primarily attributable to the professionalism
and efficiency of the principal investigators and the
availability of the facilities of ESCO Corporation and O egon
G aduate Center.

Finally, as will be seen in the Project report, devel opnent
of an 80 KSI yield strength steel casting aI]oK with major

i nprovenents in weldability, is achievable without a major
cost increase in alloy chemstry. It is hoped that the
follow up work will show that cost savings aIreadY realized
in shipbuilding in welding HSLA 80 and HSLA 100 plates can be
extended to include welding of shaft struts, rudders, sonar
done structures and ot her steel castings wthout preheat.

0. J. Davis. Program Manager
SP 7 Panel
May, 1990

* k * %

Note: This report was performed under the National

Shipbuil ding Research Program It was initiated by the SP 7
panel of the Ship Production Conmttee of the Society of

Naval Architects and Marine Engineers. It was funded with
joint suPport of the U S. Navy and the U S. Mritinme

Adm ni stration under MARAD contract No. DIMVA 91-84-41028
with Ingalls Shipbuilding Inc. The project was performed
under subcontract* to ESCO Corporation and O egon G aduate
Center under the SP 7 Chairmanship of Lee Kvidahl and Program
Managerment of O J. Davis.

*P. O #24-09543- 0111
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OBJECTIVE

The objective of this investigation was to evaluate a class of
very |l ow carbon quenched- & tenpered cast steels as possible
replacenments for cast HY-80 per ML-S23008. To be acceptable.
the alloy(s) nust:

1. meet the mechanical property requirenments
of cast HY-80, and

2. be wel dabl e w thout preheating.



ABSTRACT

n order to conplement wought HSLA-80, it was decided to
attenpt to develop a substitute for cast EY-80 which
woul d permt welding without the need for preheating. A
nunmber of heats of very |owcarbon, hi gher - ni cke

nodi fications of HY-80 and | ow carbon nodifications O

HY- 130 were produced and cast into test bl ocks. Heat
treatment studies were performed and nechani cal
properties were eval uated. In addition, weldability

tests were perfornmed to assess susceptibility to
hydr ogen- assi st ed cracklnP when welding without
preheating. The experimental alloys appear to be capable
of meeting the nechanical property requirements of HY-80

in section thicknesses up to at |east 12 in. The
wel dability tests revealed no HAZ cracking of the
experinental alloys when | ded without preheat while

cast HY-8f] was found to suffer severe underbead cracking
under the sane conditions.



INTRODUCTION

In recent years, there has been an increased need in the ship-
bui I ding industry to decrease wei ght by making greater use of
hi gher strength steels. H gh strength structural steels, of
course, have been available for nmany years. One such alloy, HY-
80, has a long history of use in naval ship construction
Unfortunately, HY-80 nust generally be preheated for welding and
this significantly increases welding costs. The desire to reduce
wel ding costs has |ed to the devel opnent of "HSLA-80" which is a
wrought precipitation hardening steel based on ASTM A710. This
mat erial has nechanical properties conparable to those of HY-80,
but does not require the costly practice of preheating for
wel ding. HSLA-80 is presently being utilized extensively as a
repl acenent for wought HY-80 on U S Navy surface ships.

Traditionally, structural steels with yield strength |evels
greater than about 65 KSI have been primarily martensitic or
martensitic/bainitic materials. Mterials wth these types of
mcrostructure are capable of attaining excellent conbinations
of strength and | owtenperature toughness. Unfortunately, the
conpositions which are ultimately responsible for the good
characteristics of these materials also cause susceptibility to

hydrogen-assi sted cracking in the HAZ’S of welds. To avoid
cracking, it is necessary to preheat these materials so as to
allow the HAZ to transformto softer, |ess crack-sensitive

m crostructure.

To achieve its superior weldability, HSLA-80 does not rely on the
conventional quenched-and-tenpered technol ogy enployed in HY-80
HSLA-80 has an essentially ferritic mcrostructure and achieves
its strength through precipitation hardening rather than a
martensitic transformation (Refs. 1, 2 & 3) . This allows the
material to be produced with a nuch |ower carbon content (0.07
mx.) . This reduces the maxi mum attainable hardness in the Haz's
of welds, which in turn reduces the tendency for hydrogen-
assisted cracking. By the use of n1croa||oy|n?_(and,_|n sone
cases, thernmo-nechanical processing) to produce fine grain size,
good toughness can also be obtained in HSLA-80, in spite of its
non-martensitic mcrostructure.

Wil e HSLA-80 has largely replaced HY-80 in wought forms, no
substitute for cast HY-80 has yet been devel oped. Thus
preheating (250F to 350°F) is still required for welding
castings. In 1985, M. O J. Davis of Ingalls Shipbuilding
contacted ESCO Corporation in order to discuss potentia
substitutes for cast HY-80. M. Davis described the successes
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whi ch had been achieved with replacing HY-80 with HSLA-80 (known
as nodified ASTM A710 at that tine) and asked if ESCO would
consi der evaluating the material in the cast form ESCO agreed

to do so and performed a small investigation. A section of an
as-cast A710 ingot was obtained from a wought steel producer for
evaluation. In addition, a small air-melt induction heat of the

material was produced by ESCO Heat treatnment studies were
performed and nechanical properties were evaluated. It was found
that while appropriate strength |levels could be attained, the
material exhibited poor |owtenperature toughness (Ref. 4).

A variety of cast |owcarbon HSLA steels have been introduced in
recent years (Ref.5). Mny of these are readily wel ded wthout
the need for preheating. As with wought HSLA-80, several of
these alloys enploy precipitation hardening to achieve the
desired strength |evels. (O course, since they are cast
materials, they are not subjected to the therno-nechanica
treatments used to produce sone forns of wought HSLA-80.) Wile
several of the new cast alloys can nmeet a strength [evel of 80
ksi, none of them possesses adequate |owtenperature inpact
toughness to serve as a substitute for cast HY-80. In addition
to the tou?hness_def|C|enC|es, evidence is grow ng that the heavy
section weldability of these types of steels may be suspect.

Wthin the last few years, a new enbrittlement phenonenon known
as "localized brittle zones" (LBZ s) has been plaguing HSLA
steel s devel oped for offshore oil platform construction (Ref.

6).  This problem appears to be a special case of the
enbrittlenent associated with "reheat cracking." The nost
serious fq&&g,of tPIS type of enbrittlement occur in the coarse-
grained FAZ'S O mytipass welds in steels containing
m croal | oyi ng additions such as col unmbi um and vanadium It also
Is expected to occur in steels which are precipitation hardened
wi th copper.

The preceding information has inportant inplications regarding
any attenﬂt at devel oping a nore wel dabl e replacenent for cast
HY-80. The poor |owtenperature toughness of cast HSLA-80 and
the simlar commercial cast steels suggests that no alloy of this
type would be capable of neeting the mechanical property
requirenments of cast HY-80. In order to achieve a suitable
conbi nation of strength and toughness, a martensitic or
martensiticllower-bainitic mcrostructure (nuch |ike that of HY-
80 itself) will probably be required. Any i nprovenent in
wel dability, without the requirement for preheating, then, wll
have to be achieved through reducing the carbon content bel ow

that of HY-80. This will reduce the maxi mum possible HAZ
hardness and, accordingly, should reduce the tendency for
hydr ogen- assi sted cracki ng. To achieve the desired

mcrostructure and tenpering resistance with the |owered carbon
content, it will probably be necessary to increase the nicke
content beyond the nom nal 3%l evel of HY-80. Since the cited

2



literature su?gests that the use of precipitation hardening
additions may lTead to HAZ enbrittlement and reheat cracking in
heavy section nultipass welds, this strengthening mechani sm
shoul'd be avoi ded.

The wel dability of hardenable steels is commonly expressed in
terms of “carbon equivalent” (C.E) nunbers. Carbon ‘equival ent
expressions take into account the tendency to form hard trans-
formation products in weld HAZ'S (hardenability) as well as the
expected hardness of those transformation products (carbon
content) .  Hi aher carbon equival ent nunbers aenerallv indicate
greater susceptibility to hydrogen assisted cricking in the HAZ'S
of wel ds. However, it is fecognized that at any particular CE
val ue, higher carbon |evels produce greater susceptibility to
cracking (Ref. 7). This is illustrated in Figure 1. As can be
seen, low C E. levels provide good weldability for the range of
carbon contents encountered in nost common structural steel
rades. H gher CE levels tend to promote cracking. It should
e noted, however, that at |ow carbon contents, (e.g. <0.1%,

cracking resistance is good even at relatively high CE |evels.

If it were possible to develop an alloy which could attain the
desired nmechanical properties at veny ow carbon levels, (e.g.

0.05%, the naterial would be expected to exhibit good resistance
to HAZ hydrogen cracki ng.

HY-80 is currently used to produce castings of a w de range o

sizes. A nunber of typical HY-80 castings are shown in
Casting weights may range froma few pounds to 25 tons or nore.

Section thicknesses range froma fraction of .an inch through at
| east 17 inches. Any replacement for cast HY-80 would need to be
capable of attaining the desired mechanical properties in very
heavy sections. |n quenched-and-tenpered steels, this capabilit

is 1nsured by alloying sufficiently to allow fornmation o

substantially-nmartensitic or at least nartensiticflower bainitic
mcrostructures in the desired section sizes. \Wen appropriately
tenpered, these mcrostructure are capable of giving good
conbi nati ons of strength and toughness. In general, the
hardenability nust be sufficient to suppress formation of
proeutectoid ferrite and the coarser ferrite/carbide aggregates
(pearlite and upper bainite) since these mcrostructure lead to
poor toughness.

In designing a |owcarbon replacenent for HY-80, it would be
necessary to alloy the material sufficiently to give adequate
hardenability to avoid formation of ferrite, pearlite and upper
bainite in heavy sections. Conbinations of chrom um ol ybdenum
and nickel are very effective for this purpose. Wile chrom um
and mol ybdenum are much nore efficient hardenability-pronoters

than nickel, the triple conbination provides a synergistic
effect. In addition, en added in relatively large percentages,
nickel tends to greatly retard formation of ferrite, pearlite and
upper bainite. It also tends to |ower the bainite-start

3



t enperat ure whi ch causes an% bainite which does formto have a
fine carbide distribution. hese effects are illustrated in the
CCT diagrans of two |ow carbon Cr-Ni-M steels shown in Figure 3
(Ref. 8). Al of these effects of nickel additions are of great
benefit in attaining good toughness.

Ni ckel additions would also be inportant in permtting a fully-
austenitic structure to be achieved during heat treating. At
very | ow carbon | evels, the gamma-|loop tends to becone very
restricted, making it difficult to conpletely austenitize the
mat erial . If ferrite pools are present at the austenitizin

tenperature, they will be present after quenching as well an

this will drastically inpair |ow tenperature toughness. Since
nickel is an austenite stabilizer, additions of this element can
conpensate for |ow carbon |evels.

The concept of inmproving the weldability of HY-80 by reducing the
carbon content to |ow levels and increasing the nickel content
has a very close parallel in cast martensitic stainless steels.
The cast 12% Cr all oy CA-15 was notoriously difficult to weld.
It was found that by reducing the carbon content bel ow 0.06% and
addi ng appr oxi mat el 4% ni ckel and about 0.5% nol ybdenum

wel dabi I ity inproved nmarkedly. The new al l oy, CA-6NM has
largely replaced CA-15 in a wide variety of applications, nost
notably those involving heavy sections (hydro-turbine parts, oi

I ndustry val ves etc.).

If a substitute for cast HY-80 were to be devel oped, the materia
woul d need to be capable of neeting the same mechanical property
requi rements specified for HY-80. For mlitary applications, one
of the nore commonly-used specifications for cast HY-80 is ML-
STD-23008.  The specification gives required nechanical property
val ues, gives the sizes of test blocks required to represent
castings of a given thickness and indicates the |ocations where
test specinens nust be renoved fromthe test bl ock.

Currently, Revisions B and C of ML-STD-23008 are nost frequently
speci fi ed. During the course of the present study, a new
revision, Rev. D was issued. Al three revisions specify that
test block sizes nust be T x T x 6/T, where T is the maxi mum
section thickness of the casting being represented. The required
mechani cal properties are indicated in Table 1 bel ow



TABLE 1

MECHANI CAL PROPERTY REQUI REMENTS FOR CAST HY- 80
PER M L- STD- 23008

| REVISION REVISION REVISION
B c D
YIELD STRENGTH (XSI) 80.0 TO 80.0 TO 80.0 TO
95.0 gg.b5 99.5
PERCENT ELONGATION 20 20 20
PERCENT REDUCTI ON | | ® | ®
OF AREA
0° F 70 70
O (Ft Lbs) o0 °F 30 50 50

Revisions B and C require that the test speci mens be renoved a
mnimmof 1 in. fromand surface of the test block. Revision D
requires that the specinens be renoved at least 1/4 T fromthe
surface. This greater test specimen depth nmakes Rev. D nuch
more difficult to neet. Conpared to testing at |'l fromthe edge
of the tasking, the disadvantages of testing material fromthe 1/4
t hi ckness are: (1) the slower cooling rite producing |arge;

dendrite arm spacing and greater m crosegregation, and (él_slomer
cooling rate during the quenching operation (of the quenching and
tenpering heat treatnent) requiring greater hardenability to
achieve 80 ksi mninumyield strength while maintaining the
required CVN inpact toughness. In this research, both |ocations
(specified by revisions B, C and D) were tested for each alloy.

Using the alloy design concepts described above, it was decided
to produce and evaluate a nunber of experinmental alloys as
potential replacenents for cast HY-80.
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The effects of carbon content and carbon equival ent nunber on

hydrogen cracking susceptibility.
(FYOWIAMg D1.1 Structural Welding Code, Ref. 7).
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Figure 2.
Typi cal HY-80 castings.
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EXPERIMENTAL PROCEDURES

The work plan for this 16-nonth |ong program was perforned in
t hree phases:

PHASE 1 - |NITIAL SCREENI NG OF 5 CANDI DATE ALLOYS
PHASE 2 - EVALUATION OF 4 COPTIM ZED AOD HEATS
PHASE 3 - VELDABILITY TESTING OF 4 OPTIM ZED AOCD HEATS

During the course of this research, progress reports were
presented to the SP-7 Panel during the neeting on Mirch 28, 1990
In Bath, Maine and again on Septenber 19, 1990 at Mare |sland
Naval Shipyard. This final report covers all of the specified
tasks as well as many additional studies (perfo~ed at no
additional cost to the project) during the specified contract
period of 16 nonths ending March 7, 1991.

Phase 1 - Initial Screening of Candidate Allovs

Five 200 Lb. air nelt induction heats were produced to the aim
conposi tions shown in |Table 2. The furnace was lined with a
rammed 90% tabul ar alumna 7e ractory. The heats were tapped at
a tenperature of 3000° F. into shank [adles lined with Foseco No.

514 Kaltec one-piece inserts. Deoxidation additions consisted of
0.1 Lbs. 30% cal ciumsilicon, 0.26 Lbs. 35% zirconiumsilicon and
0.1 Lbs. alumnum The CaSi and the ZrSi were added to the
furnace one mnute prior to tapping. The alum num addition was
made by placing it on the bottom of the ladle and tapping onto
it he metal was held in the ladle until the tenperature
reached 2880" F and was then poured into sodium silicate-bonded
zircon sand nolds to formtwo 6" X 6" X 6" test Dbl ocks.

The conposition of each heat was determned by optical emssion
spectrometry. The carbon, sulfur, and nitrogen |evels were
det erm ned by conbustion net hods.



TABLE 2

AlM COVPOSI TIONS OF Al R-MELT | NDUCTI ON HEATS
(W. Percent)

C Mh Si 0] Ni \Ye) Cu o V
HEAT | 0.05 | 0.85 | 0.50 | 1.50 | 4.50 | 0.40
1089
HEAT | 0.05 | 0.85 | 0.50 | 1.50 | 5.50 | 0.40
1090
HEAT | 0.05 [ 0.80 | 0.30 | 0.55 | 5.50 | 0.50 - - 0. 08
1091
HEAT | 0.05 | 0.85 | 0.50 | 1.50 [ 5.50 | 0.40 - - 0.08
1092
Hgég' 0.06 [ 0.50 | 0.35 | 0.75 ] 1.00 | 0.20 | 1.50 | 0.40
1

Heat e 1089 and 1090 were | ow carbon, higher nickel variations of
HY-80 .  Heat 1091 was a |ow carbon variation of HY-130. Heat
1092 was the sane as Heat 1090 except with the vanadi um addition
of Heat 1091. The conposition of Alloy 1093 was sinply that of
HSLA-80. Previous work (Ref. 4) suggested that this conposition
woul d not give adequate |owtenperature toughness, but it was
felt inportant to verify this.

All of the test blocks were nornalized at 1800° F and tenpered at
1250° F.  The gates and risers were renoved by oxy-fuel cutting
using a preheat of 400° F. Several 1" cubes were saw cut from
one of the test blocks cast in Heats 1089, 1090, 1091, and 1092,

These sanples were hardened by austenitizing at 1700°F for 2
hours followed by water quenching. The cubes were then tenpered
for 2 hours at tenperatures ranging from 800° F to 1400° F
foll owed by water quenching and testing for Brinell hardness.

Since the neasured values indicated that none of the tenpering
treatments enployed woul d produce sufficiently |ow hardness
val uee, additional sanples were subjected to a double tenper
consi sting of 1250° F, (2 hours) water quench; 1100° F, (2 hours)

wat er quench. Since this produced the a hardness |evels which
woul d gi ve approxi mat el the desired strength level, this
treatment was applied to the remaining test material from Heats
1089, -1090, 1091, and 1092 using 4 hour hold tinmes at each
tenperature. The test blocks from Heat 1093 were austenitized at
1700°F for 4 hours followed by water quenching and then tenpered
at 1100°F for 4 hours followed by water quenching.

One standard 0.505 in. dianmeter tensile specinen and ten Charpy
V-not ch speci nens were machined fromone of the test blocks from
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each heat. The specinens were removed from material |ocated at
least 1 in frornthe cast surfaces. Al snecinens were tested in
accordance with the requirements of Ailll A370. The i npact
specinmens were tested at tenperatures of 72° F, 0° F, and -100° F.
Based on the results of these teets, a series of alloys was
selected for further study in Phase 2.

The purpose of the air induction nelting was to quickly and
economcally elimnate any of the candidate alloys which would
stand little chance of giving the desired mechanical properties.
It was recognized that air-melted induction heats are generally
not capable of matching the toughness and quality of ACD heats,
but it was expected that meani ngful conparisons could be drawn
between the alloys.

Phase 2 - Evaluation of 4 Optimzed AOD Eeats.

Using the results from Phase 1, a nunber of conpositions were
devised for further study (Table 3).] Since Heat 1090 appeared to
give the best toughness and since it appeared that the vanadi um
containing heats did not give anﬁ particul ar advantages, the
heats for Phase 2 were based on the conposition of Heat 1090.
For the heats in Phase 2, mnor variations in conposition were
made to try to establish suitable conposition ranges. In this
regard, the greatest concern was the effect of carbon level on
mechani cal properties and weldability.

Four 2000 Lb. AOD-refined heats were produced.to the ai m conpo-

sitions shown in|Table 3. | Initial melting was done in air using
i nduction furnaces lined with 90% tabular alum na. The heats
were transferred to a |-ton ACD vessel |lined with chrone-

magnesite brick. The heats were transferred with carbon |evels
of approxinmately 0.30% One hundred pounds of |inme were added to
the veesel and the heat was blown with argon and oxygen to
approxi mately the O% carbon level. ~The slag was poured off to
renmove the phosphorus and was rebuilt using 100 Lbs of |ime and
adequate alumnumto thin the slag and to act as fuel for further
processi ng. After making the tinal alloying additions, and
stirring with argon, the heats were tapped at 3000°F. into a
ladle lined wth a castable 90% tabular alumna refractory. The
deoxi dation consisted of 1 Lb. 30% calciumsilicon, 2.6 Lbs.

zirconiumsilicon and 1 Lb. alumnum all added to the tapping
stream  The metal was held in the ladle until the tenperature
decreased to 2860° F. and was then poured into sodium silicate-
bonded zircon sand nolds to produce test blocks nmeasuring 12" X
1211 x 2211 (30.5 cm X 30.5 cm X 56 c¢cm). The conposition of each
heat was determ ned as described previously.

11



TABLE 3

Al'M COVPCSI TIONS OF 2,000 LB AOL3 HEATS
(W. Percent)

C Vh S, Cr Ni Mo
HEAT 0. 04 0.85 0.35 1.50 5.50 0. 45
1094
HEAT 0.02 0. 65 0.30 1.50 5.50 0. 45
1103
HEAT 0. 06 0.85 0.50 1.50 5.50 0. 45
1118
HEAT 0. 04 0.90 0. 45 1.35 5.50 0.60
1132

The test blocks were normalized and tenpered prior to riser
removal by oxy-fuel cutting. They were then hardened and
tenpered using the results of Phase 1 as a guide for specific
tenperature selection. In several cases, it was necessary to re-
heat treat to achieve the hardness levels felt to be appropriate.
The specific heat treatnents qgiven to the individual Dblocks are
show1n Table 4 bel ow

TABLE 4
HEAT TREATMENT OF ACD TEST BLOCKS

NOPNVALI ZE  AND HARDENI NG DOUBLE
TENMPER TEMPERATURE TEMPER
(F) (F) (F)

HEAT 1094 1800 AC 1700 WQ 1275 WO
1250 WO 1100 WO

HEAT 1103 1800 AC 1700 WQ 1200 WO
1250 WQ 1100 WO

HEAT 1118 1800 AC 1700 WQ 1275 WO
1250 WO 1125 WO

HEAT 1132 1800 AC 1700 WQ 1250 WO
1250 WO 1100 WO

Standard tensile and inpact specinens were renoved fromthe test
bl ocks according to the requirnents of M L-STD 23008 Revi sions
B, C and D. For Revisions B and C, the specinmens were |ocated
a mnimumof 1 in fromany surface of the block. For Revision D,
t he specinens were taken fromthe 1/4 T |ocation. Agai n, the
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specimens were tested in accordance with ASTM A370. The i npact
speci men test tenperatures 72° F, OF, and -100%F.

In order to better understand the response of the alloys to heat
treatment and al so the nechanical property behavior, ~specinens
from Heat 1118 were subjected to heat treating studies using a
d eeble Mdel 1500. The specinmens were austenitized at 1700°F
for 5 mnutes and then su%iected to continuous cooling rates
ranging from 1.5 to 4182F m nute. The dilatation of the
speci mens was nonitored to detect the onset and conpletion of
transformati ons.

The mcrostructure of Heat 1132 was al so exami ned by optica
met al | ogr aphy.

Phase 3 - Weldability Testina of AOD Heats.

Wl dabi ity of each AOD heat was eval uated using the Controlled
Thermal Severity (CTS) Test and the Tekken Test. For conparison
tests were also conducted with cast HY-80. Test specinmens were
machi ned to the dinensions shown in|Figures 4 |and[5.] In al
cases, the specinen thickness was 1 inm.

Al welding was performed by GVAW and FCAW using a controlled
heat input of 55 kJ/in (2.2 Kj/mm. Specific welding variables
used in all test welds are presented in Table 5.

TABLE 5
VELDI NG PARAMETERS FOR GVAW AN13. . FCAW
CRACK SUSCEPTI BI LI TY TESTS

GVAW FCAW
CURRENT  ( DceP) 340 AMPS 340 ANPS
VOLTAGE 30 VOLTS 30 VOLTS
TRAVEL SPEED 11 1PM 11 1PM
SHI ELDI NG GAS 98% Ar + 2% 0, 75% Ar + 25% CO,
FI LLER NATERI AL ML-1005-1 M L-101TM
FI LLER DI AMETER 1/16 in. 1/16 in.

All welding of the experinental alloys and the reference HY-80
was performed w thout preheating. The specinens were allowed to
remaln at roomtenperature for 72 hours after welding. Thr ee
cross sections were then cut from each specinen. These were
ground and then exam ned for cracking. M crohar dness surveys

Knoop, 500 g) were also perfornmed on cross sections fromthe
ekken tests.
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D ffusi bl e hydrogen was nmeasured for both GVAW and FCAW wel d
metal deposits using gas chromatography and also the glycerine
met hod. The gas chronat ography was used in accordance wth AWS
B4.3. The glycerine nethod is only standardized in Japan but is
also used in this study because of its sinplicity.

test weld2
v pol i sh
///’/ \ these faces
175rn}n 75 mm / \\
g P T\
RSN ERF/BANNN
> g = 18 mm ; : t 1
V - -_lmg-mm ”E_ 1 : B
2-5 mm 'T“'l r"“
s -
A { } !
| est weld |
(a) (b)
Figure 4.

Configuration of Controlled Thermal Severity (CTS) test
speci nens.

—————— 200
Sactlon AA!
be—— Tesl welding — ]

co.flral.-
ey Ing wealding

|
\ 1202 1072 i FOLANL L L

s

— 6 0 86 6 0 —

Figure 5.

Configuration of Tekken test epecinens.
(From Japanese Industrial Standard JIS Z 3158 (1983).)
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RESULTS

PHASE 1 - Initial Screening of 5 Candidate Allors

The actual conpositions of the air nelt induction heats are given

in Table 6.

TABLE 6
ACTUAL COWPCSI TIONS OF AIR MELT | NDUCTI ON HEATS
(W. Percent)
HEAT HEAT HEAT HEAT HEAT
1089 1090 1091 1092 1093

C 0. 059 0. 041 0.042 0. 048 0. 050
Vh 0. 96 0.90 0.84 0.79 0.51
Si 0. 60 0.56 0.59 0. 46 0.35
Cr 1.59 1.65 0.61 1. 46 0.82
Ni 4,52 5.77 5.81 5. 45 1.01
Mo 0.41 0.43 0.49 0.39 0.20
Cu 0.10 0.11 0.10 0.10 1.82
Cb 0.01 0.01 0.01 0.01 0.05
Vv 0.02 0. 02 0.02 0.08 0.01
S 0.014 0.014 0.011 0.012 0.008
P 0.011 0.011 0. 008 0.010 0.010
A 0. 045 0. 069 0. 052 0. 049 0. 047
Zr 0.037 0.012 0.035 0.024 0. 020
N 174 ppm 103 ppm 97 ppm 132 ppm | 119 ppm

Tenpering Response

The response of the air-nmelt induction heats to tenpering is

illustrated in Figures 6 through 10. Heats 1089, 1090, 1091 and
1092 all behaved in a simlar manner. The as-quenched hardness
was approximately 34 Rc and this hardness |evel decreased only
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slightly with tenpering tengfratures up to 1000°F. Tengi eri ng
tenperatures between 1000F and 1200°F resulted in sharply
decreasi ng hardness values. Tenpering above 1200°F caused the
har dness val ues to increase markedly.

Heat 1093 gave a much different response to tenpering. Tenpering
tenperatures up to 800°F did not change the hardness.” Tenpering
bet ween 800°F and 900°F significantly increaeed the hardness
Tenper at ures above 900°F caused hardness |evels to decrease
agai n.

Mechani cal Properties

The neasured hardness values, the tensile properties and the
i mpaCt toughness values are given in Tables 7, 8, and 9

respectively.
TABLE 7

HARDNESS VALUES OF Al R-MELT | NDUCTI ON HEATS

HEAT NUMBER BRI NELL HARDNESS (3000 Kg)
1089 229
1090 229
1091 229
1092 229
1093 207
TABLE 8

TENSI LE PROPERTIES OF AIR MELT | NDUCTI ON HEATS

—

II HEAT HEAT HEAT HEAT HEAT

1089 1090 1091 1092 1093

uTs 99.2 96.4 104.4 110.8 90.7
(KSI)

Sy 76.7 76.6 85.7 90.5 79.2
(KSI)

% E 14 20 24 22 27

Z R. A. 22 48 &7 65 70
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TABLE 9
| MPACT TOUGHNESS OF Al R-MELT | NDUCTI ON HEATS

TEST | MPACT AVERAGE
HEAT NUMBER | TEMPERATURE TOUGHNESS (Ft Lbs)
(P (Ft Lbs)
1089 72 108, 106 106. 5
0 99, 75, 100, 88. 75
81
-100 58, 59, 58, 58. 5
59
1090 72 125, 119 122
0 99, 99, 108, 103. 75
109
-100 59, 79, 78, 71. 25
69
1091 72 87, 110 98. 5
0 94, 96, 96, 88. 5
68
-100 75, 70, 73,. 71.5
6 8
1092 72 97, 93 94.75
0 89, 87, 87, 84. 75
76
-100 85, 80, 81, 81. 25
79
1093 72 118, 117 117.5
0 93, 101, 102, 9
88
- 100 8, 7, 6, 6 6. 75

Hardness, tensile and CVN inpact toughness data for these alloys
are shown in(Figures 11 [through 17.

During preparation of the teSt specinens, it was found that the
test Dblocks from Heats 1089 and 1090 contained numerous hydrogen

flakes (internal hydrogen cracks). The tensile test results for
these two heats were affected by these pre-existing flaws. pgq
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these defects not been present, it is likely that higher yield
strengths and better ductility would have been nmeasured for Heats
1089 and 1090. Exam nation of the fractures of the inpact
5ﬁe0|nens i ndi cated that the hydrogen flakes did not influence
t he measured toughness val ues.

PHASE 2 - Production of 4 Optimzed AOD heats

The actual conpositions of the four AOD heats of Phase 2 are
shown in Table 10.

TABLE 10

ACTUAL COWPOSI TIONS OF 2,000 LB ACD HEATS
(W. Percent)

| HEAT 1094 HEAT 1103 HEAT 1118 HEAT 1132

c 0.044 0.032 0.055 0.033
Mn 0.82 0.50 0. 60 0.99
Si 0. 46 0. 33 0.22 0.41
Cr 1.67 1.70 1.75 1.38
Ni 5.48 5.32 5.27 5.41
Mo 0. 47 0. 46 0.48 0.56
S 0. 003 0. 007 0. 010 0. 007
0.011 0.011 0. 008 0.004
Al 0.028 0.010 0.028 0.014
Zr 0. 038 0.034 0. 044 0.014

N 53 ppm 44 ppm 39 ppm 45 ppm

The hardness values, the tensile properties and the inpact
t oughness data obtained fromthe AOCD heats are presented in
Tables 11, 12 and 13 respectively.

18



TABLE 11

HARDNESS OF AOD HEATS

HEAT NUMBER LOCATI ON BRI NELL HARDNESS
(3000 Kg)
1094 1in. 241
1103 1in. 217
1/4 T 217
1118 1in. 207
1/4 T 207
1132 1in. 235
14 T 235
TABLE 12
TENSI LE PROPERTI ES OF ACD HEATS
LOCATION UTs ) % E % R. A
(KSI) (KSI)
HEAT 1 in. 107.4 91.0 22 60
1094
1/4 T 106.9 90.86 20 58
HEAT 1 in. 97.0 81.5 22 57
1103
1/4 T 98.1 80. 7 21 o1
HEAT Lin. 100. 6 68. 7 21 61
1118
14 T 99. 6 68. 9 20 64
HEAT 1in. 104. 2 82. 4 19 52
1132
1/4 T 103.5 84.1 21 52
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TABLE 13
| MPACT TOUGHNESS OF AOD HEATS

TEST | MPACT
HEAT NUMBER LOCATI ON TEMPERATURE TOUGHN! JSS AVERAGE
(°F) (Ft Lbs) (Ft Lbs)
1094 1in. 72 S8, 79, 78 81.6
0 80, 76, 74 76.6
-100 55, 49, 56 53.3
14T 72 90, S9, 93 90.6
0 89, 8S, S8 88.3
-100 52, 46, 45 47.6
1103 1in. 72 103, 76, 71 85.3
0 80, 75, 70 75
-100 55, 45, 62 54
14T 72 98, 101, 102 100. 3
0 100, 89, 115 101.3
-100 61, 50, 68 59.6
1118 1in. 72 79, 70, 74, 91 78.5
0 72, 67, 60 66. 3
-100 6S, 71, 66, 65 67.5
14T 72 100, 102, 104, 103.5
10s
0 120, 109, 100 109. 6
-100 90, 72, 93, 89.8
104
1132 1in. 72 72, 73, 77 74
0 67, 69, 76, 77 72.2
-100 56, 60, 61 59
14T 72 104, 108, 122 111.3
0 88, 90, 98 92
L -100 46, 52, 55, 57 52.5

The measured hardness values the yield strengths and the inpact
t oughness data from the AOD heats are presented graphically in

Figures 18 through 23.
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Met al | oar aphv

The mcrostructure of Heat 1132 aBp_ea_r ed ta ' of a mxture
of tenpered nartensite and |lower bainite (Fig. 24).|It should be
recogni zed, however, that these transf products are
diffrcult to distinguish optically in |ow carbon steels which

have been tenpered at high tenperatures.

Thermal Anal vses during Continuous Coolin

Based on dilatometry tests of Eeat 1118, the phase
transformations were plotted for different cooling rates to
produce the Continuous Cooling Transformation ( ) diagram
presented in[Figure 25.] It is clear that these | ow carbon
steels generally will produce nartensite and~or bainite over a
very w de range of cooling rates.

PHASE 3 - Wl dability Testing of 4 Optimzed AOD Heats

The results of the weldability tests are presented in Table 14.

Al'l of the heats of the experinental alloys passed the CTS tests
for both FCAW and GVAW  These materials al so survived the GVAW
Tekken tests without cracking. In addition, Heats 1103 and 1132
exhibited no cracking in the FCAW Tekken tests.  Some cracking
was found in the FCAW Tekken tests of Heats 1094 and 1118.

Hovvelver, the cracks all appeared to be confined to the weld
met al .

Severe HAZ cracking was observed in both the GVAW and FCAW Tekken
tests of the cast HY-80 material. HAZ cracking was also found in
the FCAW CTS test. Only in the GVAW CTS test was no cracking
observed for this material.
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TABLE 14
TEKKEN AND CTS TESTS PERFORMED BY GVAW & FCAW

AT 55 KJ/I'N W THOUT PREHEATI NG

TEST HEAT GNAW FCAW
TYPE NUMBER PROCESS PROCESS
1094 NO CRACKS CRACKS | N
TEKKEN VELD METAL
1103 NO CRACKS NO CRACKS
1118 NO CRACKS CRACKS | N
VELD METAL
1132 NO CRACKS NO CRACKS
HY- 80 CRACKS I'N C KHCKS I'N
HAz HAz
1094 NO CRACKS NO CRACKS
CTS 1103 NO CRACKS NO CRACKS
1118 NO CEACKS No CRACKS
1132 NO CRACKS NO CRACKS
HY- 80 NO CRACKS CRACKS I'N
HAz

The differing

f%%gfé‘iéﬁgkqbﬁ7ft

Toughness

experimental
illustrated in

Vld Metal

| ocati ons of

t

The CVN inpact toughness of weld netal

Y- 80

he craking eXhibited by the

in the Tekken tests

was eval uated and the results are given in Table 15.

22

'S

deposited on Alloy 1132



TABLE 15

CVN | MPACT TOUGHNESS OF WELD METAL DEPCSI TED BY
GNAW AND FCAW USI NG CONDI TIONS @ VEN I N TABLE 4

TEST | MPACT
TEMPERATURE TOUGHNESS
(F) (Ft Lbs)
12 104, 100
0 88, 90 100
- 60 50, 47, 48

Since the Naval requirements for weld metal include CVN inp

t oughness values of 35 ft-1bs at -60 and 60 ft-lbs at O,
welds in alloy 1132 exceed the present Navy requirements for weld
met al . It "is anticipated that the welds in the other
experimental alloys would yield simlar results.

Hvdr ogen Cont ent of Wl ds

Di ffusi bl e hydrogen content was determned for welds deposited by
both GMAW and FCAW  From the Table 16, it can be seen that the
di ffusible hydrogen content of the welds denosited bv FCAW were
greater thanthat deposited by GVAW

TABLE 16

Dl FFUSI BLE HYDROGEN TEST USI NG GAS CHROVATOGRAPHY
PER AWS 4.3 AND GLYCERI NE (FOR COVPARI SON)

| (ml H,/100 g) (ml H,/100 qg)
MIL~1005-1 1.4 0.8
1.0
MIT-101TM 6.4 3.5
4.0
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Hardness Profile of Weld Joints

M crohardness profiles were obtained from the Tekken

of each mmteri al

t hrough 3
1103, 111
does not

measured fOr HY-80

Fromthe profilee plotted in|Figures 28 |
1, the general trends are simlar for each alToys

8 and 1132.

Cearly, the maximum hardness in the HAZ

exceed 360 KHN (500 g) which is far |less than that

Fig. 32)

M crostructure of Wld and HAZ

The mcrostructure of the ACD test blocks at the 1° and quarter
t hi ckness | ocations were simlar.. Both contain | ow carbon
tenpered martensite structures as illustrated in [Figure 22 |for

al oy 1132. Wien alloy 1132 was wel ded by GNAW I n the Tekken
test and for nechanical properties evaluation, the mcrostructure
in the weld net al s a mxture of bainite and martensite as
shown in|Figure 33.| The excellent CVN touahness val ues corre-
sponding to this mcrostructure are given in (Table 15.
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Phot om crograph showing mcrostructure of Heat 1132.
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Figure 26.
crack in FCAW Tekken test of Heat 1118.
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DISCUSSION

Exam nation of the mechanical property data for the air-melt
i nduction heats reveals that all four experinental alloy conpo-
sitions devel oped hardness |evels which would be expected to give
the desired level of yield strength. The neasured yield strength
values for the first tw heats (1089 & 1090% , however, were
slightly below the specified mninum value of 80 KSI. It should
be pointed out, however, that in both cases, the materi al
contai ned pre-existing "hydrogen flakes” (cracks) . These defects
undoubtedly resulted in anomal ously |ow nmeasurenents of vyield
strengt h. Had these defects not been present, all four heats
woul d probably have exhibited acceptable yield strength val ues.

The presence of hydrogen flakes in some of the test blocks should
not be alarmng or even unexpected. There is no effective nethod
of renovi ng hydrogen when induction nelting in air and so
throgen | evel s are characteristically high (e.g. 6 ppm. At
these hydrogen |evels, any high strength steel casting would be
expected to develop hydrogen flakes. This is one of the prinar
reasons that dead-nelting is rarely used for producing hig
strength steel castings.

The neasured inpact toughness values for all of the air-nelt
heats of the experinmental alloy heats were “very good, easily
exceeding the specified mninum val ues for HY-80. Consi deri ng
the fact that air-nelting produces inherently "dirty" steel,
heats, this is excellent performance.

The heat having the conposition of w ought HSLA-80 (1093) ex-

hibited a strength level slightly below the 80 KSI m ninmm
specified for HY-80. Wile the yield strength |evel came close
to neeting the desired value, the |ow tenperature toughness was
extrenely low. This is consistent with the previous eval uations
of this material in the cast form(Ref. 4). Undoubtedly, the
strength coul d have been increased into the desired range by
tenpering at a slightly |ower tenperature. However, the previous
work with this material has shown that tenpering below 1100 F.

results in markedly |ower toughness levels. Even if the strength
were increased through the use of a lower tenpering tenperature,

the toughness would not have been inproved and the material woul d
still have been an unacceptable substitute for cast HY-80.

Three of the test blocke poured in the ACD heats (1094, 1103 and
1132) net the stren%th requi rements specified in ML STD 23008
Revs. B, C and D. he bl ock poured in Heat 1118 was bel ow the
m ni mum etrength. Undoubtedly,the strength of this block could
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have been brought into the desired range with a slightly
different heat treatment. Wth the double tenper heat treatnents
enpl oyed for the experimental alloys, it is nore difficult to
predi ct hardnees and strength levels than with single tenpering
cycles conmmonly used with nost low alloy steels. Gven nore
experience, however, such predictions should becone easier

Exam nation of the inpact toughness data for the AOD heats
indicates that all easily passed the toughness requirements for
M L- STD- 23008B. Heats 1094, |103,and 1132 net the requirenments
specified in ML STD 23008C. Heats 1103, 1118 and 1132 net the
t oughness requirenents specified in ML STD 23008D. Heats 1094
and 1118 had toughness values slightly below the m ninum val ues
specified in Revs. D and C respectively. In all cases, the
measured values tended to be close to the m ninmum val ues
specified in Revs. C and D

Wiile the experinmental alloys did not exhibit toughness val ues
greatly in excess of the mninmmvalues specified fcr HY-80 in
M L- STD-23008 Revs. C and D, this should not be cause for concern
at the present tine. Since only a few heats have yet been
roduced, it is a certainty that there is a great deal nore to

earn regarding conpositions and heat treatments and the effects
of these on mechanical properties. It should also be pointed out
that in heavy sections, cast HY-80, itself, does not appear to be
capabl e of neeting the mninmm toughness requirenents of M L-STD-
23008D. In addition, if the experimental alloys are |ess prone
to HAZ cracking than HY-80, as appears to be the case, perhaps
slightly |ower toughness |evels would be acceptable.

Exam nation of the tenpering curves in |Figures 6 |through 10
i ndicates that the experinental alloys begin reversion to
austenite when heated to tenperatures above about 1175° F. Thus

the first tenper of the double-tenpering treatment applied to
these materials was actually an intercritical heat treatnent. At
the first (higher tenperature) tenper, a portion of the
mcrostructure would transform to austenite while the remaining
structure woul d undergo narked softening (and probably a |arge
i ncrease in toughness). Upon quenching fromthe first tenper,
the austenite ich was present would then transform Since
cooling times from these relatively |ow tenperatures would be
short, The austenite would alnpbst surely transformto nartensite.
The second tenper would then serve to tenper the new y-
transformed martensite, thereby lowering the hardness and
i ncreasing the toughness of this material. By using the double
tenpering treatnent, it was possible to attain |ower hardness
val ues then could have been achieved with single tenpers. It is
also likely that the double tenmpering treatnent played a |arge
role in producing the good toughness levels found in the
experimental alloys.
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The met al | ographi ¢ exam nations seenmed to indicate that in heavy
sections, he experinental alloys attained mcrostructuré
consisting of martensite andlor |ower bainite. It must be
apPreciated, however, that in |low carbon steels, it is very
ditficult to distinguish opt|caIIY bet ween bainite andnartensite
tenpered at high tenperatures. n order to fully characterize
the mcrostructure of these alloys, it would probably be
necessary to enP]oy transm ssion el ectron mcroscopy. By
perform ng dark-tield imaging of the carbides, it should be
possible to determne the exact nature of the mcrostructure.

The CCT diagram devel oped from the G eeble evaluations appears to
indicate a nmartensite start (M tenperature of approximtely 800°
F. Wiile this seens high for an Ms tenperature, the value could
very well be this high because of the very low carbon level in
the material. It appears that at cooling rates greater than
about 6° F/second, the transformation product will be martensite.
Lower cooling rates appear to result in transformation to
bainite. Again, additional work would need to be performed in
order to establish the nature of the transformation products in
t hese all oys.

Regardl ess of the exact identity of the transformation products,
the CCT diagram contains the features desired for the
experimental alloy system Ferrite and pearlite formation has
been repressed to the extent that these transformation products
do not occur even at a cooling rate corresponding to that of the
center of a 30 in. thick cylinder in still air! For all
practical purposes, formation of these toughness-inpairing
structures does not appear possible. Also, it appears that the
bainite region hae been conpressed to tenperatures close to the
MS tenperature. This would pronote a fine distribution of
carbides which tends to give good toughness even if bainite does
form Gven the CCT behavior indicated, it may be possible to
reduce the nickel content of the experimental alloys slightly
wi thout detrinental effects. If so, this would be desirable
since it would. make them | ess expensive.

The CCT diagram suggests a possible explanation for the higher
I npact toughness values exhibited by the 6 in. thick test blocks
cast in the air-nelt induction heats. |t appears that these
smal | er test blocks would have transfornmed to nmartensite while
the 12 in. thick test blocks of the AOD heats woul d have been at
| east partially bai nftic. In general , martensitic
mcrostructure wll give better toughness.

The CCT diagram al so gives an indication of the nechanical
properties which could be expected in even |larger sections than
those evaluated in this investigation. |t appears that for the
maxi mum section thicknesses for which HY-88 is currently em

pl oyed, the experinental alloys would probably give simlar
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toughness |l evels to those found in the 12 in. thick blocks eval -
uated in this investigation.

Re?arding wel dability, the CCT diagram suggests that the HAZ' S of
wel ds woul d probably display relatively good toughness over a
wi de range of cooling rates. Wth rapid cooling rates such as
t hose which would occur with no preheating, the high tenperature
HAZ woul d probably ‘transformto martensite. However, the
apparent M; temperature is guite high, allowing for substantial
aut ot enperi'ng gi'vi'ng good toughness.

On the other hand, relatively |low cooling rates such as those
occurring with high interpass tenperatures and high heat inputs
woul d probably give much the same HAZ microstructure and
properties. The present investigation, of course did not deal

wWth this matter. Eowever, if funding for additional work is
considered, a thorough study of the effects of cooling rate on
HAZ properties would be valuable. If the experinental alloys are

i ndeed tolerant of high heat inputs and interpass tenperatures,
this could possibly permt great reductions in welding costs.

The weldability tests revealed that the experinental alloys were
quite resistant to hydrogen-assisted cracking of the HAZIs when
wel ded w thout preheating using the processes and filler
materials nost commonly used to weld HY-80. None of the heats
exhibited cracking in the CTIS test for either the GVAW wel ds or
the FCAWwel ds. In the much more severe Tekken tests, only two
of the heats exhibited cracking in the FCAWtests. Collectively,
this performance was nuch better than that given by the EY-80
specimens, which exhibited cracking regardless of welding
process.

Since the Tekken test specinmens are much nore severely restrained
than those used in the CTS test, the Tekken test was a better
i ndi cator of cracking susceptibility for these alloys. Also, the
FCAW process always resulted in greater cracking susceptibility
than did the welds deposited by GVAW Because GVAWis a
"hydrogen-free" process (if good workmanship is maintained), less
cracking susceptibility than that developed with FCAW would be
expect ed. As a result, the |lower carbon heats 1103 and 1132

aPPear to be wel dable w thout preheating despite the extrene
severity of the Tekken test.

In the Tekken tests of the experimental alloys which did show
cracking, the cracks initiated at he root of the weld and
propagated through the weld netal (Fig. 26). Determning the
exact initiation sites of these cracks | dgifficult matter. It
IS possible that crack initiation did occur in the HAZ  However
it is at least as likely that the cracks initiated and grew
solely in the weld deposit, which is, itself, susceptible to
hydr ogen- assi sted cracki ng.
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The cracking which occurred in the HY-80 welds had a nuch dif-

ferent appearance (Figure 27 ]. In all cases, the HY-80 speci-
mens exhibited classical ™anderbead" cracking of the HAZ. This

woul d seemto indicate that cast HY-80 is far nmore susceptible to
HAZ hydrogen cracking than the experinental alloys.

The neasured diffusible hydrogen contents were fairly typical_ of
the values usually found for the evaluated types of ‘wire. This
i ndicates that the apparent resistance of the experinental alloys
to HAZ cracking was not due to abnormally | ow hydrogen |evels in
the weld deposits. The good results were evidently due to the
nature of the alloys.

Conmparing the mcrohardness surveys for welds in the experimental
alloys wmth those for welds in HY-80 reveals the apparent cause
for the better cracking resistance of the former materials. The
maxi mum hardness in the HAZ s of the experinental alloys ranged
from320 to 360 HHN. The maxi num hardness of the HAZ'S of the
HY-80 welds were close to 500 KHN. It is well known that the
hydrg?en-a55|sted cracking susceptibility of steels increases
markedly with increasing hardness. Cearly, when wel ded w thout
preheating, HY-80 should be nore susceptible to cracking.

It should be noted that throughout this investigation, whenever
the term “no preheat” was used, it was intended to indicate that
wel ding was done at room tenperature (72°F). The experimenta
all oys woul d not necessarily exhibit good weldability at nuch
| ower tenperatures. |f tenperatures were |ow enough to cause
wat er condensation or even formation of ice on the material, it
woul d not be expected that welding could be done w thout
probl ens.

One of the intentions of Phase 2 of this investigation was to
i dentify useful conposition ranges and heat treatnents for the
experimental steels. Wiile the scope of the present
investigation did not permt a detailed study of these specific
subjects, a few recommendations can be drawn from the results.
}Hlappears that appropriate ranges for conposition wuld be as
ol | ows:
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Tabl e 17.

Recommended Conposition Ranges for Experinental Alloy.
(W. Percent)

ELEVENT RANGE
C 0.03 to 0.06
Mh 0.60 to 1.00
Si 0.25 to 0.50
Cr 1.25 to 1.75
Ni 5.2.5t0 5.75
Mo 0.40 to 0.60
S 0.010 max.
P 0. 15 nax.
Al 0.06 max.

Appropriate ranges for heat treating tenperatures would probably
be as foll ows:

Tabl e 18.
Heat Treatnent of Experinental Alloy.

TEMPERATURE COCLI NG

(°F) METHOD

NORMALI ZE 1750 TO 1850 Al R COOL
HARDEN 1650 TO 1750 VWATER QUENCH
FI RST TEMPER 1200 TO 1300 WATER QUENCH
SECOND TENPER 1075 TO 1150 VWATER QUENCH

sections.

commerci al basis,

of course,
oxygent

In addition,
| ow | evel s of sul fur,

Should it be decided to produce the experinental
woul d al nost certainly be necessary to
enpl oy AOD or VOD technology or |adle netal l'urgy techni ques.
These methods would be required to attain the |ow carbon |evels
In a cost-effective manner.
| ow hydrogen |evels necessary to avoid hydrogen flakes in heavy
t hey woul d al so provide the
nitrogen and which pronote good

These processes woul d al so
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mechani cal properties.

Wil e the experinental alloys appear to be able to neet the
mechani cal property requirements of cast HY-80 and appear to be
resistant to cracking when wel ded w thout preheating, it should
be renenbered that they are nore highly-alloyed than HY-80. This

will tend to increase steelnaking costs slightly. It is
expected, however, that these increased costs would be nore than
offset by the reduced preheating requirenents. In addition, the
greater resi stance to cracking, itself, should affect

manuf acturing costs favorably.

CONCLUSIONS

Test blocks fromfive air-nelt induction heats (1089, 1090, 1091,
1092 and 1093) and four 2,000-1b ACD heats (heate #1094, #1103,
#1118 and #1132) were heat treated and eval uated as potenti al
repl acenents for HY-80. Based on initial mechanical properties

and wel dability tests using GVAW and FCAW the foll ow ng can be
concl uded:

1. The experinmental alloys appear to be capable of meeting the
mechani cal proPerty requirements for cast HY-80 per ML-STD
23008B. The alloys show promi se for being able to also neet
the nore stringent requirenments of Revisions C and D of the
3ﬁe0|f|cat|on. The al | oys shoul d be capabl e of attaining
the required properties even when cast in heavier sections
than those examned in the present investigation (12 in.).

2. The experinmental alloys exhibit excellent resistanceto
HAZ cracking when wel ded w thout preheating using the
GVAW and FCAW processes and the filler materials used

to weld HY-80. Cast HY-80 suffered severe HAZ
cracki ng when wel ded under simlar conditions.
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